Two interlinked quorum sensing circuits, las and rhl, which control pathogenesis of Pseudomonas aeruginosa are further modulated by numerous regulators, including VqsR (virulence and quorum sensing regulator). High-density oligonucleotide microarrays were used to compare the global expression profile of a wild-type and VqsR mutant in ABC minimal medium. The expression of a large group of metabolic genes, ECF sigma factors as well as of many quorum-sensing genes previously not assigned to VqsR-regulon was found to be affected by the disruption of vqsR.
Introduction
The opportunistic human pathogen Pseudomonas aeruginosa, well known for its resistance against a variety of antibiotics, causes chronic lung infections in individuals suffering from cystic fibrosis as well as in immunocompromised patients and is one leading source of Gram-negative nosocomial infections [1] . Evidence has accumulated over the past few years that for the expression of pathogenic traits a quorum sensing circuitry that is operating in P. aeruginosa is of central importance [2] . The quorum-sensing cascade of P. aeruginosa controls the development of biofilms [3] as well as the expression of a battery of extracellular virulence factors, secondary metabolites and toxins [4] and its importance for pathogenicity has been demonstrated in a number of animal models [5, 6] .
When investigating the quorum sensing regulon of P. aeruginosa, two quorum-sensing systems that rely on diffusible N-acyl-homoserine lactone signal molecules have been identified: las and rhl. These two quorum sensing systems are hierarchically arranged with the las system being on top of the signalling cascade [7] . The quorum sensing cascade of P. aeruginosa is modulated by the quinolone signal PQS [8] and a number of regulatory factors including the LuxR homologue, VqsR. Inactivation of VqsR abrogates production of both Nacyl-homoserine lactone signalling molecules, decreases the production of extracellular virulence factors and reduces the pathogenicity of P. aeruginosa in a nematode infection model system [9] . Employing the up-to-date Affymetrix GeneChip technology we report on the transcriptome analysis of VqsR regulon in the ABC minimal medium which represents a standard medium for the induction of quorum sensing in P. aeruginosa. It is shown that many genes implicated in the general metabolism are regulated by VqsR under conditions of nutrients limitation. Furthermore, an additional large group of quorum sensing genes which were previously not identified as VqsR-controlled is also regulated by VqsR in the presented experimental setting.
Materials and methods

Bacterial strains and growth conditions
Pseudomonas aeruginosa strain TB was used as a wild-type in this study [10] . The P. aeruginosa VqsR mutant was generated by Tn5 transposon mutagenesis as described previously [11] . Bacterial cultures were grown in 15 [12] supplemented with 10 mM citrate) in 125 ml Capsenberg flasks at 250 rpm on a rotatory shaker at 30°C up to an optical density of 1.0 at 600 nm. Afterwards, the bacteria were harvested by centrifugation at 3800g for 2-4 min and subjected to RNA isolation. Generation time of the P. aeruginosa VqsR mutant in the ABC minimal medium (approximately 100 min) is slightly prolonged when compared to the generation time of the wild-type strain (90 min), but the maximal cell density (OD 2.5 at 600 nm) is similar for both strains.
RNA isolation
The protocol used for the isolation of total RNA was based on the modified hot phenol method [13] . All steps were performed at 4°C. The harvested bacteria were quickly resuspended in 0.5 ml distilled water and lysed at 65°C in a mixture of 5 ml phenol (pH 5.5)/2.5 ml 2% SDS (w/v)/30 mM Na-acetate/3 mM EDTA by vigorous shaking for 10 min. The cell lysate was centrifuged at 3800g for 20 min and the supernatant was purified by subsequent phenol/chloroform (3-5 ml of phenol:chloroform:isoamyl alcohol mixture, 25:24:1 v/v) and chloroform extractions (chloroform:isoamyl alcohol, 24:1 v/v). Nucleic acids were precipitated overnight at À20°C in 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of ethanol and centrifuged at 3800g for 30 min. The pellet was washed with 5 ml of 70% (v/v) ethanol and resuspended in 175 ll of diethyl pyrocarbonate-treated water. DNA was digested by the addition of 40 U DNase I (Roche, Mannheim, Germany) and 20 U of SUPERaseIn (Ambion, Cambridgeshire, UK) in DNase I buffer (50 mM Na-acetate, 10 mM MgCl 2 , 2 mM CaCl 2 , pH 6.5) in a total volume of 200 ll for 30 min at 37°C. RNA purification with RNeasy columns (Qiagen, Hilden, Germany) was followed by quantification of its total yield by UV absorption spectrometry at 260 nm. RNA integrity was monitored by 1.2% agarose gel electrophoresis with addition of 2% formaldehyde (v/v) as denaturing agent.
2.3.
Generation, fragmentation and labelling of cDNA RNA from three independent isolations was pooled to minimize the influence of handling. cDNA synthesis, fragmentation and labeling with Biotin-ddUTP were performed as described in the protocol provided by Affymetrix (Santa Clara, CA). Briefly, 10 lg of RNA was mixed together with 750 ng random primers (Invitrogen Life Technologies, Scotland) and 8.67 pM from 10 nonpseudomonal control transcripts (kindly provided by S. Lory and co-workers, Harvard) in a total volume of 30 l. This reaction mixture was incubated for 10 min at 70°C and 10 min at 25°C and subsequently chilled to 4°C. The 30 ll of cDNA mixture (5· first strand buffer, 10 mM dithiothreitol, 0.5 mM deoxynucleoside 5 0 -triphosphates, 25 ll U À1 SuperScript II (Invitrogen Life Technologies, Scotland), 0.5 ll U À1 l SUPERaseIn (Ambion, Cambridgeshire, UK) was added to the reaction mixture containing RNA. cDNA was generated by incubating this reaction mixture for 10 min at 25°C, for 60 min at 37°C, for 60 min at 42°C, and subsequently the enzyme was inactivated by incubating for 10 min at 70°C. RNA was hydrolyzed by the addition of 20 ll 1M NaOH and incubation for 30 min at 65°C, followed by neutralization of the reaction by 20 ll of 1 M HCl. The generated cDNA was purified with a Qiaquick column (Qiagen, Hilden, Germany) and quantified by UV absorption at 260 nm. The 3-5 lg of cDNA was fragmented with 0.5 U DNaseI lg À1 cDNA in One Phor-All buffer (Amersham Pharmacia Biotech, Uppsala, Sweden) in a total volume of 50 ll for 10 min at 37°C and the reaction was stopped by 10 min incubation at 98°C. Gel electrophoresis of the 5 ll of fragmented product and staining with 2% SYBRGreen (Molecular Probes, Eugene, OR) for 50 min was performed to ensure that the majority of cDNA fragments was within the required 50-200 bp range. Enzo BioArrayä Terminal Labeling Kit with BiotinddUTP (Affymetrix, Santa Clara, CA) was used for terminal labeling of generated cDNA fragments. For this purpose, 3-5 lg of fragmentation product was mixed with 5· Reaction Buffer, 10· CoCl 2 solution, 1 ll Biotin-ddUTP and 2 ll terminal deoxynucleotide transferase in a total volume of 60 ll and incubated at 37°C for 60 min. Subsequently, the reaction was stopped by addition of 2 ll of 0.5 M EDTA. Labelled cDNA was ready for immediate hybridisation onto GeneChips or could be stored for future use at À20°C.
Hybridisation of biotin-labelled cDNA to P. aeruginosa PAO1 GeneChips
GeneChips are normally stored at 4°C, therefore it is necessary to equilibrate them at room temperature before starting the hybridisation process. The hybridization solution contained 51 ll of fragmented and biotin-labeled cDNA in a MES hybridization buffer (100 mM 4-morpholineethanesulfonic acid, 1 M NaCl, 20 mM EDTA, 0.01% Tween 20), 50 pM of B2 control oligonucleotide (Affymetrix), 0.1 mg ml À1 of herring sperm DNA, 0.5 mg ml À1 of acetylated bovine serum albumin (Invitrogen Life Technologies), and 7% (v/v) of dimethylsulfoxide in a total volume of 130 ll. This hybridization mixture was loaded onto a GeneChip and incubated at 50°C for 16 h at 60 rpm in a Affymetrix GeneChip hybridization oven 640. After hybridisation, this mixture was removed and the GeneChips were put into the Affymetrix Fluidics station 400 for washing. Subsequently the microarrays were subjected to fluorescent labelling by antibody-mediated signal amplification using streptavidin-phycoerythrin. The GeneChips were washed 20 times with nonstringent buffer (6· standard saline phosphate/EDTA (1.08 M NaCl, 60 mM NaH 2 PO 4 , 1 mM EDTA; pH 7.7) and 0.01% Tween 20) at 25°C and afterwards 60 times with stringent buffer (100 mM MES, 0.1 M NaCl, 0.01% Tween 20) at 50°C. Subsequently, the hybridised and washed cDNA was labelled with streptavidin solution mixture (10 lg ml À1 streptavidin (Pierce Chemicals), 2 mg ml À1 bovine serum albumin, 100 mM MES, 0.1 M NaCl, 0.01% Tween 20) for 10 min at 25°C and washed again 40 times with nonstringent buffer at 30°C. Afterwards, microarrays were stained with biotin anti-streptavidin solution mixture (5 lg ml À1 biotin anti-streptavidin (Vector Laboratories), 100 lg ml À1 normal goat IgG (Sigma), 2 mg ml À1 bovine serum albumin, 100 M MES, 0.1 M NaCl, 0.01% Tween 20) at 25°C for 10 min and subsequently with streptavidin-phycoerythrin solution mixture (10 lg ml À1 streptavidin-phycoerythrin, 2 mg ml À1 bovine serum albumin, 100 M MES, 0.1 M NaCl, 0.01% Tween 20 at 25°C for 10 min. Finally the excess of fluorescent label was removed by 60 washings with nonstringent buffer at 30°C.
GeneChip analyses
Data analysis was performed with the Affymetrix Microarray Suite Software 5.0 with Affymetrix default parameters. The average microarray hybridization signal intensity was scaled to 150. Experiments were carried out in duplicate, thus a total of two GeneChips per strain and growth condition were scanned at 570 nm with 3 lm resolution by the Affymetrix scanner. Two GeneChips for each mutant and wild-type were compared by the four-comparison survival method [14] . The data were imported into the Microsoft Access database and selected by Wilcoxon rank test for genes with significant changes in their expression and at least 2-fold differential regulation. The arithmetic average and standard deviation of the four comparisons were calculated. Finally, a Bonferroni correction for multiple testing (the total number of 5900 ORFs on the GeneChip) was applied as a rigorous criterion for significantly changed signal intensities. Significantly differentially expressed ORFs were classified using latest internet annotation from the website of the Pseudomonas Genome Project (www.pseudomonas.com).
Results and discussions
VqsR and modulation of general metabolism
To reveal components of the VqsR-regulon, the global expression profile of P. aeruginosa strain TB in the ABC minimal medium was compared with that of the VqsR mutant cultured under the same conditions. AB minimal medium was previously shown to induce the expression of the vir operon of Agrobacterium tumefaciens, an operon which is known to be implicated in the pathogenicity of that bacterium in different infection models [15, 16] . Furthermore, the same medium supplemented with 10 mM citrate (ABC minimal medium) was extensively used in previous studies when investigating the quorum sensing-dependent secretion of virulence factors and biofilm formation of P. aeruginosa [17, 18] . The enhanced virulence properties of P. aeruginosa in minimal medium were also reflected by the large number of differentially expressed genes in the VqsR mutant in this work. The differences in the gene expression of wild-type and VqsR mutant ranged from 2-fold to up to more than 400-fold. In our experimental setting, the mutation of vqsR altered the expression of 731 genes more than 5-fold, 457 of which were upregulated and 274 downregulated. Fig. 1 depicts the number of differentially regulated genes classified by metabolic categories [19] . The largest proportion of all regulated genes (43%) belongs to the class of hypotheticals with unknown function. Expression of 456 out of these hypothetical genes was upregulated in the mutant, whereas the expression of 131 genes was downregulated. In the VqsR mutant the expression of genes was downregulated that are involved in amino acid, energy and fatty acid metabolism, nucleotide biosynthesis, transcription, translation and posttranslational processing and secretion of proteins. On the other hand the disruption of vqsR led to the upregulation of genes implicated in carbon compound catabolism, transport and membrane constituents. Moreover, numerous transcriptional regulators, r 70 -factors and two-component systems were upregulated demonstrating that VqsR is a key regulatory protein of the P. aeruginosa cell. In summary, the central anabolic pathways were downregulated, whereas transport and catabolic pathways were upregulated in the investigated VqsR mutant (Fig. 1, Supplementary tables 1 and 2 ). This observation suggests that besides the impact on virulence, quorum sensing and iron homeostasis [9] , VqsR also plays an important role in the regulation of the general metabolism of P. aeruginosa.
VqsR regulates the expression of ECF sigma factors and novel group of quorum sensing genes
Seven genes encoding different sigma factors (PA0149, PA0472, PA1350, PA1912, PA2468, PA3899, PA4896) which belong to the extracytoplasmic function (ECF) subfamily of the r 70 -factors were found to be upregulated more than 5-fold in the VqsR mutant. Interestingly, six of them are adjacent to genes involved in the iron metabolism, thus suggesting that VqsR partially exerts its impact on iron uptake and metabolism through the direct antagonism on these ECF sigma factors.
Disruption of vqsR differentially affected the expression of numerous genes of the las and rhl quorum sensing network in the ABC minimal medium. Of the genes identified as being quorum sensing-regulated by previous transcriptome analyses [20] [21] [22] , 125 genes were upregulated and 58 genes were downregulated in the VqsR mutant (Fig. 2) . The expression of a few quorum sensing genes which were previously shown to belong to the VqsR regulon was not altered in the ABC minimal medium. This group comprises genes implicated in phenazine and pyocyanin biosynthesis (phzB, phzC, phzD, phzE, phzF, phzG, phzM, phzS), in the synthesis Fig. 1 . Comparison of the transcriptome of P. aeruginosa TB and its vqsR Tn5 transposon mutant during exponential growth in ABC medium. The number of genes with significantly different cDNA hybridization signals on the Affymetrix P. aeruginosa GeneChip is classified by metabolic category as defined in the original publication on the PAO genome sequence [19] .
of lectins (pa1L, lecB) and of the stationary sigma factor RpoS as well as few genes involved in the biosynthesis of other bacterial exoproducts. The most plausible explanation for these discrepancies is the fact that for this study, the bacteria were grown into exponential phase (OD 600 = 1.0), whereas in previous transcriptome analyses the cultures were investigated in the stationary phase (OD 600 = 5.0). The stationary sigma factor RpoS as well as many virulence exoproducts of P. aeruginosa, including pyocyanin and lectins are known to be only produced at the high cell concentrations of the stationary phase. Besides that, different media were used in the previous transcriptome analyses, which might also influence the expression of certain sets of VqsR-regulated quorum sensing genes.
On the other side, a large number of previously undescribed VqsR-regulated quorum sensing genes was identified. Table 1 lists these genes which were not previously categorized in the VqsR-regulon but whose expression was altered significantly in the VqsR mutant in the examined ABC minimal medium. In addition to numerous hypotheticals of unknown function, the mutation of vqsR affected positively the expression of components of a multidrug efflux pump mexG, opmD as well as of lasR. The influence of VqsR on the expression of LasR, together with the presence of a las box in the promoter Fig. 2 . VqsR-regulated quorum sensing genes in ABC minimal medium. The figure depicts the subgroup of VqsR-regulated genes that in previous GeneChip analyses on lasRI rhlIR mutants had been identified to be regulated by the las and rhl regulon [20] [21] [22] . Positive values represent quorum sensing genes whose expression is upregulated in the mutant, whereas negative values represent quorum sensing genes whose expression is downregulated in the mutant compared to the TB wild-type strain. Table 1 Quorum sensing genes identified to be regulated by the las and rhl regulon [20] [21] [22] region of VqsR [9] , underlines the existence of an autoregulatory feedback loop between VqsR and las quorum sensing circuit. Besides numerous hypothetical genes, the disruption of vqsR negatively affected the expression of the PQS biosynthesis operon (pqsA, pqsB, pqsC, pqsD, pqsE, phnA, phnB) that is implicated in the modulation of quorum sensing and virulence and of the transcriptional regulator Vfr that controls type III [23] mediated secretion of virulence factors.
In conclusion, we have identified novel genes belonging to the VqsR-regulon of P. aeruginosa. Results presented in this work show that VqsR plays an even more important role in the virulence and quorum sensing network of P. aeruginosa than concluded previously [9] . Furthermore, VqsR was shown to be involved in the regulation of ECF sigma factors and of major metabolic pathways, such as nucleotide biosynthesis, transcription, protein biosynthesis and processing. b Numbers represent the arithmetic average of four independent GeneChip comparisons. Only genes with significant differential expression are shown (at least 2-fold change in Tn5::vqsR transposon mutant when comparing to TB wild-type, plus Bonferroni correction). Positive values represent genes upregulated in the vqsR mutant, whereas negative values represent genes downregulated in the vqsR mutant compared to the wildtype strain.
